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INTRODUCTION
Point counts are widely used to study the abundance and density of many bird populations Scott 1981, Ralph et al. 1995) . The data are easy to collect at larger spatial scales compared to capturerecapture methods that are frequently costly and, therefore, limited to studies on smaller spatial scales. Typically point counts have been viewed as indices of abundance, and standardized protocols are emphasized to reduce variation in detection probability (Ralph et al. 1995) . The weaknesses of this approach and the importance of estimating the detection probability have been noted for some time. Three recent overview papers by Thompson (2002) , Rosenstock et al. (2002) , and Johnson (2008) stress how important the estimation of the detection probability is to sound inference based on point counts.
In this study, we develop a conceptual model for the detection process that includes both availability and detection given availability. Avian sampling literature now contains multiple approaches to estimating detection probability; we briefly review three common sampling methods and show how they contribute to components of the detection model. Though model assumptions are not given here, many references provide them (e.g., see Nichols et al. 2009 ). We emphasize that detection probability for auditory cues includes the combined probability of a bird singing, i.e., availability, and the probability of detecting a bird, conditional on its having sung. We show how current methods fit into this conceptual framework and show how a combination of methods may lead to much stronger inferences.
In addition to developing new methods of estimating detection probability, our research group has carried out field tests using simulated populations of birds to evaluate the combined multiple-observer and time-of-detection methods, along with many others, based on a systematic computer generation of auditory cues (see Simons et al. 2007 for details). The system can realistically simulate a known population of songbirds under a range of factors that affect the detection probabilities. This experimental system is unique because it allows us to evaluate the performance of various sampling methods with populations of known size. Simulated field test examples are presented, followed by a general discussion and suggestions for future research.
MODELING OVERALL DETECTION PROBABILITY

Components of detection probability
The overall probability of detection for an individual bird is comprised of an availability process, i.e., the probability a bird is available for detection, and a detection process, i.e., the probability a bird is detected, given that it is available for detection. Thus p = p a p d where p, is the overall probability of detecting a bird that is present in the sampled area during the sampling period, p a is the probability that such a bird is available for detection, and p d is the conditional detection probability given availability.
Modeling the availability process involves estimating the probability an animal is available for detection (p a ). Because this process is difficult to measure in the field, most methods assume that p a is one; in other words we condition our inference on the birds that are available for detection. When we consider the time-of-detection method, we show that we can estimate p a under certain circumstances. The probability that an animal is detected given that it is available (p d ) can be estimated using either double-observer or distance sampling approaches.
Estimates of population size and density
It is also often desirable to estimate population size and density for fixed radius plots. Typically we use the standard estimator of population size (e.g., see Seber 1982 , Williams et al. 2002 : (1) where n is the number of birds detected, and p is the overall probability of detection. This is converted to density by: (2) where n is the number of birds detected, w is the radius of the circle around the point, and the area surveyed is k w² if k points are surveyed.
We can model individual bird covariates, obtained for each bird detection, using the generalized Horvitz-Thompson estimator of population size (Huggins 1989 , 1991 , Alho 1990 ). The estimator is:
where n is the total number of birds detected, and the overall detection probability of each bird i is p i which depends on the covariates.
MULTIPLE-OBSERVER METHODS
Two independent observers
The Lincoln-Petersen method (Williams et al. 2002) can be applied to information from two independent observers to estimate detection probabilities on point counts.
The notation is as follows: -p d1 (p d2 ) is the probability of detection, given available, by the first, or second, observer; -x 11 is the number detected by both observers; x 10 is the number detected by the first observer only; x 01 is the number detected by the second observer only; and -n 1 (n 2 ) is the number detected by the first, or second, observer. The probability of detection by each observer is estimated by:
The probability of detection by at least one observer (p d ) is the overall detection probability. It is the complement of the probability that both observers miss a particular bird:
Generalizations using Program MARK (White and Burnham 1999) or DOBSERV (Nichols et al. 2000) give the researcher the option to fit generalized Lincoln-Petersen models. These models allow the detection probability to depend on covariates such as species, observer, wind speed, distance etc. MARK and DOBSERV use the Akaike Information Criterion AIC (Burnham and Anderson 2002) to pick the simplest model that adequately explains the information in the data.
The double-observer method only estimates the probability of detection given that the animal is available. The estimator for p 1 has the approximate expected value:
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TIME-OF-DETECTION APPROACHES
Temporal capture-recapture approach Farnsworth et al. (2002) developed a method which applied the removal method (Zippin 1958 , Seber 1982 to the time when birds were first detected. A more efficient approach using a k-sample closed capture-recapture model based on full detection histories, i.e., the time intervals where a particular bird was detected and the time intervals where that same bird was not detected, has been developed by Alldredge (2004) and Alldredge et al. (2007a) . Capture-recapture models also accommodate heterogeneity in detection probabilities better than removal models.
To illustrate, consider two equal-length time intervals and assume that it is possible to track individual birds and accurately record detections as occurring in period one and/or period two. We then denote x 11 , x 10 , and x 01 as the number of birds detected in both time intervals, in time interval one only, and in time interval two only. For more than two samples we would have a more general set of capture histories and a vector of counts for each history {x }. The probability of detection for each time interval could again be estimated by the Lincoln Petersen equations (Seber 1982) .
In this case, by examining the expected value of the estimate of detection probability we see that the probability of detection is not conditional on availability and we are able to estimate the overall detection probability:
This is a unique feature of the time-of-detection method; recall that both the multiple-observer and distance methods cannot account for nonavailability of birds.
The ability to incorporate availability in the estimation of p for time-of-detection models emerges directly from the separation of individual detections by time intervals. It accounts for the possibility that a bird is available in one time interval but not in another. Of course this model is based on strong assumptions that observers are able to accurately localize and track the location of individual birds throughout the count interval. This can be difficult if birds move frequently or if large numbers of birds are counted simultaneously.
If the probability of detection varies among individual birds, then heterogeneity models may be used. Much has been written about these models in the capture-recapture literature (Burnham and Overton 1978 , Otis et al.1978 , Pollock et al. 1990 , Williams et al. 2002 . Link (2003) has noted identifiability problems when these models are used. Modeling heterogeneity in detection probability using covariates can reduce problems associated with identifiability (Huggins 1989 ,1991 , Alho 1990 ).
Animals with detection probabilities near zero may be of special importance in time-of-detection applications. Alldredge (2004) and Brewster (2007) emphasize that avian singing rates may vary among individuals of the same species because of pairing status and other factors related to nesting phenology. Some individuals had exceedingly low singing rates, which made them almost impossible to detect.
COMBINING MULTIPLE-OBSERVERS AND TIME-OF-DETECTION METHODS
Here, we combine multiple-observer and time-ofdetection methods into one design, which allows separate estimation of the components of the detection process. Consider t time intervals and two independent observers where the birds are tracked throughout the count. We suggest that in practice t = 3-5 time intervals be used so that heterogeneity models could possibly be used.
This combined method is equivalent to a robust capture-recapture design (Pollock 1982 , Williams et al. 2002 with t primary periods, the time intervals, and two secondary periods, the observers, within each primary period. In this case the population is assumed to be closed except for whether or not a bird is available, i.e., sings, in an interval. In the more general robust design, births and deaths and lack of availability, commonly referred to as temporary emigration, are also allowed. Modeling approaches already developed to account for temporary emigration Nichols 1995, Kendall et al. 1997) can be adapted for our application. The simplest model assumes that the temporal pattern of bird song follows a random process. An alternative approach assumes a Markovian process where the probability that a bird sings in an interval depends on whether it sang in the previous interval. For the purposes of this paper, we only consider availability as a random process.
Under the classic random temporary emigration model, i , is the probability that an animal is a temporary emigrant in time interval i, and this parameter does not depend on its value in previous periods. In the context of our paper, i may be thought of as the probability that a bird is unavailable for detection in time interval i. Thus the probability a bird is available may be written as p ai = (1 -i ) for i = 1, ..., t time intervals. The conditional detection probabilities for the first and second observer in each time period may be written as (p d1i, p d2i ) for i = 1, ..., t time intervals. Unlike the general robust design, we are assuming that all animals survive during the point count ( i = 1) due to its short duration.
Detection probability illustrative example
To illustrate potential detection histories, first consider a detection history for two observers over two time intervals. Here we assume a model which models both time and observer effects. The history -11,01 -denotes a bird detected by both observers in time interval one and detected only by the second observer in time interval two. This history has expected cell structure:
Notice here the birds have sung in each time interval and were detected by at least one observer.
We illustrate another potential history -10,00 -which has the expected cell structure:
The 00 in the second time interval created the need for two components in the second time interval probability; the first component where we account for the possibility that the bird is available but is missed by both observers, and the second where the bird is not available. 
where:
denotes the total number of birds detected, p represents the multinomial probability associated with the detection history, and the probability a bird goes undetected is:
The assumptions for the combined multipleobserver and time-of-detection approach are (1) that observations among observers are independent, (2) observers match their detections accurately, (3) the detection probabilities of each species are equal for each observer, (4) there is no undetected movement out of the sampled area, and (5) observers accurately assign birds to within or beyond the radius used for the fixed-radius circle.
We computed estimates directly through use of the traditional conditional likelihood estimation proposed by Sanathanan (1972) , which writes the likelihood above as:
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with:
Following this approach we first maximize the conditional likelihood function, L 2 , to obtain estimates of the availability and detection probability components, so that p 00,00 may be estimated. It then follows from the work of Sanathanan (1972) that the estimate of the population size is:
which maximizes L 1 , and consequently L.
The standard errors of all the populations estimates can be obtained based on the bootstrap methods presented by Norris and Pollock (1996) , and could also be used to construct confidence intervals. AIC can be used for model selection Anderson 2002, Williams et al. 2002) . Any number of observers and time intervals can be accommodated. In addition, estimated distance to each detected bird could be incorporated as an important covariate influencing the detection probability, thus combining a distance sampling type procedure into this methodology. In the following section we provide examples to illustrate the methodology.
EXAMPLES
To illustrate the potential of the combined method we use some data collected on one of our field experiments (Simons et al. 2007 dominica) . Four other species were used to diversify the species list. None of the 12 species were found locally on the study area during our experiments. We focus first on the HOWA where a true population size of 100 birds within the 120 m radius circle was simulated over a total of 60 point counts. The singing rate was approximately 0.8 per minute or 0.96 per two minutes. All 100 birds sang at least once during the total 8-minute count interval. We also present results for OVEN based on singing rates measured empirically in the field (Brewster 2007 ). The empirical singing rate distribution for OVEN was extremely heterogeneous among individual birds, with a much lower mean singing probability than we simulated for the HOWA. We used those empirical singing rates to simulate a true population of 127 OVEN. Note that 27 birds with low singing rates never sang during the 8-minute count and thus only 100 birds were available to be counted by observers.
For HOWA, the AIC criteria selected a model with random temporary emigration constant over time intervals, and observer dependent detection probabilities, conditional on singing, that are also constant over time intervals (Table 1) . The model with random temporary emigration, and constant detection probabilities, conditional on singing, that are also constant over time intervals was also competitive ( AIC = 4.86). Parameter estimates for the best model, constant random temporary emigration and observer dependent detection probabilities constant over time intervals, are presented for HOWA ( Table 2 ). All of the estimates are precise, presumably because this species has a loud, distinct, and easily localized call. Notice that the detection probabilities for each interval are high, but they do vary between observer 1 (0.89) and observer 2 (0.95). The total population estimate for birds singing was 101.12, quite close to the simulated population size.
Parameter estimates for the Ovenbird using the same model, constant random temporary emigration and observer dependent detection probabilities constant over time intervals, are illustrated ( Table 2 ). Notice that here the probability that an Ovenbird sings in a 2-minute interval is 0.74, much lower than for the HOWA. The conditional detection probabilities are high for observer 1 (0.84) and observer 2 (0.91) but not as high as for the HOWA estimates presented in Table 2 . The total available population is estimated to be 93.769, which is close to the number of birds that actually sang (100). However, the estimate substantially underestimates the overall population of 127 birds.
We also considered an artificial dataset with lower availability and detection probabilities. The simulated dataset is designed to evaluate the relative performance of our method for populations that might not have such high values of model parameters. Our simulated dataset is generated from a random multinomial distribution with cell probabilities determined from the constant random temporary emigration model, with observer dependent detection probabilities constant over time intervals. Specifically k = 4 time intervals and two observers.
For this model we define the true population size (N) to be 100, the true probability that such a bird is available for detection, p a , to be 0.45, the probability of detection by the first observer, p d1 , is defined to be 0.5 and for the second observer (p d2 ) is 0.65.
Parameter estimates for this simulated data set of the same model are provided (Table 3) . It is worthwhile to note that even in this case with much lower availability and detection probability, our method performs quite well. The estimated probability that our simulated bird sings in a 2-minute interval is 0.42, lower than both the HOWA and OVEN. The conditional detection probabilities are much lower for observer 1 (0.45) and observer 2 (0.65) than in the cases of the HOWA and OVEN datasets, but are accurate estimates of the true probability values. The total available population is estimated at 102.27 birds. Once again our method provides yet another accurate estimate of the true population size of 100 birds, which is encouraging even given our simulated dataset's low true values of the probability of availability and detection.
DISCUSSION
Distance sampling and use of multiple-observer methods are well known techniques of estimating detection probability that do not allow for birds not singing during the count. For situations when it is reasonable to assume that all birds sing, they may be profitably used and have been discussed at length in other papers and books. The time-of-detection method is one method that allows estimation of total detection probability and allows for birds to be unavailable when they do not sing. As there is a large literature that birds may not always have high singing rates (e.g., Brewster 2007 and references therein), we believe that the development of this method has been a significant advance in the field.
Another method that allows for uncertain availability is the repeated counts method Nichols 2003, Kery et al. 2005 ) and we believe it also deserves future study, potentially in combination with other methods.
When using the time-of-detection method we recommend that the capture-recapture version, which uses all times of detection, be used and that the point counts should be sufficiently long, 10 minutes might be reasonable. We recommend the use of at least four time intervals and that they always be of equal length, perhaps five intervals of two minutes each. The key assumption of the method is that the observer can keep track of individual birds without error. We believe that the method has great promise for species that have larger territories and that move little during a point count so that localization errors can be kept to a minimum. This will then mean that individuals can be tracked more accurately. For many point counts a large number of species may be detected and in those cases it may be necessary to focus on a subset of the species that have lower localization errors. Our applications of the time-of-detection method have assumed that detection is by ear. In this case birds sing in discrete bouts and we have found it is possible to record in exactly which intervals birds sing and then are detected.
The combination of time-of-detection and multipleobserver methods allows for estimation of both components of the detection process. We have shown estimates for illustration for some simulated field data from our bird radio project. Here we focused on the random temporary emigration model because they are simpler to interpret, more precise, and allow for easier computation of the total population of birds, including those not available in an interval. More study of Markovian models might be of great interest for this combined approach because we know that birds may sing in nonrandom bouts (Collins 2004) . However the complexity of such models is likely to make them of limited usefulness in practice. Nevertheless, it is likely this methodology may accommodate heterogeneity in detection probabilities, once extensions to Markovian modeling are undertaken. In doing so, this may address the points of Efford and Dawson (2009) with respect to distance heterogeneity, by more advanced modeling of availability and/or detection. We do not claim that the results in other studies will be as promising as those based on our data. The data from our "bird radio" study is unique in that we know exactly which birds each observer saw in each interval. In "real" point counts there could be additional matching errors between observers. One advantage, however, of our system is that we know the true numbers and we are encouraged by the accuracy of the estimates we obtained, especially for the HOWA. There is a need for more research on species that have heterogeneous singing rates and this was exemplified by our Ovenbird estimates, which were negatively biased.
Despite its additional expense and the potential for some counting and matching errors, we encourage field ornithologists to consider use of this combined time-of-detection method for at least a subsample of their points to better understand the detection process in their field studies and potentially obtain better estimates of population abundance. Finally, we note that it is possible to develop similar results for dependent observers combined with the time-ofdetection method. We have explored that idea in collaboration with Jason Riddle of North Carolina State University (personal communication). He has implemented the design for some point count surveys on bobwhite quail and a manuscript on that work is in preparation.
